Absfracl-This paper presents the design and analysis of a pulse-width-modulation based sliding mode voltage controller for buck converters from a circuit design perspective. A practical design approach which aims a t systematizing the procedure for the selection of the control parameters is introduced. Additionally, a simple analog form of the controller for practical realization is provided. It is found that this controller adopts a structure similar to the conventional pulse-width-modulated voltage mode controller. Simulation and experimental results show that the response of the converter agrees with the theoretical design.
I. INTRODUCTION
Sliding mode (SM) controllers are well known for their robustness and stability. Most of the previously proposed SM controllers for switching power converters are hysteresismodulation (HM) (or delta-modulation) based [ 1]- [6] . Naturally, they inherit the typical disadvantages of having variableswitching-frequency operation and being highly control sensitive to noise. Possible solutions are to incorporate constant timer circuits into the hysteretic SM controller to ensure constant switching frequency operation [SI, or to use adaptive hysteresis hand that varies with parameter changes to control and fixate the switching frequency [6] . However, these solutions require additional components and are unattractive for low cost voltage conversion applications.
An alrernative solution to this is to change the modulation method of the SM controllers from HM to pulse-widthmodulation (PWM). To the authors' knowledge, this concept was first published in [7] . The idea is based on the assumption that at a high switching frequency, the control action of a sliding mode controller is equivalent to the duty cycle control action of a PWM controller. Hence, the migration of a sliding mode controller from being HM based to PWM based is made possible. This proof was rigourously shown in a companion paper [SI by the same authors. However, the work presented is theoretical, and falls short of a practical consideration on its implementation.
In another paper [9] , some possible practical methods of implementing a SM controller on buck type converters are described. Termed as the indirect implementations of sliding mode control, it is basically a straightforward circuit representation of the idea provided in [7] . Although the discussion in [9] gives a clear direction as to how such controllers may be developed, it provides only an overview of the PWM based SM controller.
Hence, in this paper, we present the design of a PWM based sliding mode voltage controlled (SMVC) buck converter, with emphasis on its practical and implementation details, from a circuit design perspective, using the theoretical groundwork established in [7] and [SI. In contrast to [7] , the design of this controller at circuit level involves a different set of engineering difficulty and consideration. Additionally, we introduce a practical approach to the design and selection of the sliding coefficients of the controller. This approach systematizes the design procedure. It should be noted that it can also be employed for the design of other PWM based SM power converters. Finally, an analog form of the controller that is suitable for practical realization is provided. This controller can be easily implemented from the derived mathematical expressions with only a few operational amplifiers and analog ICs. Simulations and experiments are performed on the proposed converter to validate the theoretical design.
THEORETICAL DERIVATION
This section covers the theoretical aspects of the SMVC converter. A practical method of designing the sliding coefficients is also introduced.
A. Mathematical Model of an Ideal Sliding Mode PID Voltage
Confmlled Buck Converter The basic idea of SM control is to design a certain sliding surface in its control law that will direct the trajectory of the state variables towards a desired origin when coincided. For our system's model, it is appropriate to have a control law that adopts a switching function such as
where S is the instantaneous state variable's trajectory, and is described as
with JT = (a1 a2 (231 and al,az, and a3 representing the control parameters termed as sliding coefficients.
E. Stability Analysis in Circuit Terms
As in all other SM control schemes, the determination of the ranges of employable sliding coefficients for the SMVC converter must go through the process of analyzing the stability behavior of the controllerlconverter system using the Lyapunov's Direct Method [ I l l . This is performed by firstly combining (Z), (3) , and the time derivative of (4) to give To achieve global reachability and asymptotic stability, the Lyapunov function is evaluated as S S < 0, which can he written as 
where ic is the capacitor current.
The above inequalities give the conditions for stability and provide a range of employable sliding coefficients. However, other than stability, no information relating the sliding coefficients to the converter performance is provided.
C. Sfability Condition Wifh Design Parameters Consideration
To alleviate the above prohlem, we propose to first tighten the design constraints by absorbing the actual operating parameters into the inequality. This is done by decomposing (9) into two sections of inequalities and considering them as individual cases with respect to the polarity of the capacitor current flow. Since in practice 2 > &, the left inequality of (9) is implied by which can be rearranged to give
and the right inequality of (9) where RL(max) is the maximum load resistance and K(,nin) is the minimum input voltage, which the converter is designed for. Additionally, the peak capacitor current 2 6 IS the maximum inductor current ripple during steady state operation.
Theoretically, one may assume that at steady state operation, the actual output voltage V, is ideally a pure DC waveform whose magnitude is equal to the desired output voltage Vod = 9. However, this is not true in practice. Due to the limitation of finite switching frequency, there will always be some steady state DC error between V, and Vodr even with the errorreducing integral controllers (i.e. PI, PID). It is important to take this error into consideration for the design of the 
A. Derivation of PWM Control Law
It was previously derived in [8] that the control method [IO] in sliding mode control is effectively a duty cycle control. 
where w, = fi is the undamped natural frequency and C = + is the damping ratio. Recall that there are three possib e types of response in a linear second-order system: under-damped (0 5 5 < l), critically-damped (C = l), and over-damped (C > 1). For ease of discussion, we choose to design the controller for critically-damped response', i.e., z1(t) = (A1 + Azt)e-w'zt, for t 2 0 (18) where At and Az are determined by the initial conditions of
D is expressed as
In terms of PWM based controlled system, the duty cycle
where V, is the control signal to the pulse-width modulator and RSmp is the peak magnitude of the constant ramp signal.
Since D is also continuous and bounded by 0 < D < 1, it may also be written in the form 0 < v, < Ramp.
(26) the system. In a critically-damped system, the bandwidth of the controller's response f~w is The maximum allowable peak-to-peak ripple voltage is 50 mV.
To study the compliance of the design equations with the performance and its relationship with the transient response, the controller is designed for two different bandwidths: at one twentieth and at one tenth of the switching frequency fs. . . -. . : . . . . 
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C. Dynamic Performance
An analog form of the controller is also presented. It is found
The dynamic performance of the controllers is studied using a load resistance that alternates between quarter load (12 fl) and full load ( Furthermore, consistent with a critically-damped response, there is no ringing or oscillations in transience. However, it should also be mentioned that there are some slight disagreements between the experimental and simulation results in terms of the overshoot ripple magnitudes and the settling times. These are mainly due to the modeling imperfection of the simulation program, and the parameters' deviation of the actual experimental circuits from the simulation program due to the variation of the actual components used in the setup.
V. CONCLUSION
A PWM based SMVC buck convener is presented from a circuit design perspective. The description of the design methodology takes into account the different aspects of converter's operating conditions. A practical approach to the design of the sliding coefficients is also proposed in this paper. This approach uses an equation that is derived from analyzing the dynamic behavior of the convener during sliding mode operation, in addition to the stability conditions of the system. that the PWM based SM controller adopts a similar structure to that of a conventional PWM voltage mode controller. The simulation and experimental results show that the response of the converter agrees with the theoretical design.
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